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Bose-Einstein condensation
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Bose-Einstein condensation is the occupation of a single quantum state by a large number
of identical particles. This implies that particles are assumed to be bosons, satisfying the
Bose-Einstein statistics allowing for many particles to pile up in the same quantum state. This
is contrary to fermions, satisfying the Fermi-Dirac statistics, for which the Pauli exclusion
principle does not allow the occupation of any single quantum state by more than one particle.
The role of quantum correlations, caused by the Bose-Einstein statistics, is crucial for
the occurrence of BEC. This statistics was advanced by Bose (1924) for photons, having
zero mass, and generalized by Einstein (1924) to particles with nonzero masses. Einstein
(1925) also described the phenomenon of condensation in ideal gases. The possibility of BEC
in weakly nonideal gases was theoretically demonstrated by Bogolubov (1947). The wave
function of Bose-condensed particles in dilute gases satisfies the Gross-Pitaevskii equation,
suggested by Gross (1961) and Pitaevskii (1961). Its mathematical structure is that of the
nonlinear Schro¨dinger equation. Experimental evidence of BEC in weakly interacting con-
fined gases was achieved, seventy years after the Einstein prediction, almost simultaneously
by three experimental groups (Anderson et al., 1995; Bradley et al., 1995; Davis et al., 1995).
To say that many particles are in the same quantum state is equivalent to saying that
these particles display the state coherence. That is, BEC is a particular case of coherence
phenomena related to the arising state coherence. For the latter to occur, the particles are
to be strongly correlated with each other. The expected conditions, when such a strong
correlation could appear, may be qualitatively understood applying the de Broglie duality
arguments to an ensemble of atoms in thermodynamic equilibrium at temperature T . Then
the thermal energy of an atom is given by kBT , where kB is the Boltzmann constant. This
energy defines the thermal wavelength
λT ≡
√√√√ 2pih¯2
m0kBT
(1)
for an atom of mass m0, with h¯ being the Planck constant. Thus, an atom can be associated
with a matter wave characterized by the wavelength (1). Atoms become correlated with each
other when their related waves overlap, which requires that the wavelength (1) be larger
than the mean interatomic distance, λT > a. The average atomic density ρ ≡ N/V for N
atoms in volume V is related to the mean distance a through the equality ρa3 = 1. Hence,
condition λT > a may be rewritten as ρλ
3
T > 1. With the thermal wavelength (1), this yields
the inequality
T <
2pih¯2
m0kB
ρ2/3 , (2)
1
which tells that state coherence may develop if temperature is sufficiently low or the density
of particles is sufficiently high.
An accurate description of BEC for an ideal gas is based on the Bose-Einstein distribution
n(p) =
[
exp
(
εp − µ
kBT
)
− 1
]
−1
, (3)
describing the density of particles with a single-particle energy εp = p
2/2m0 for a momentum
p and with a chemical potential µ. The latter is defined from the condition N =
∑
p n(p) for
the total number of particles. Assuming the thermodynamic limit
N →∞ , V →∞ ,
N
V
→ const
allows the replacement of summation over p by integration. Then the fraction of particles,
condensing to the state with p = 0, is
n0 ≡
N0
N
= 1−
(
T
Tc
)3/2
(4)
below the condensation temperature
Tc =
2pih¯2ρ2/3
m0kBζ2/3
, (5)
where ζ ≈ 2.612, while n0 = 0 above the critical temperature (5). The latter is about twice
smaller than the right-hand side of inequality (2).
The condensate fraction (4) is derived for an ideal, that is, noninteracting, Bose gas. A
weakly nonideal, i.e., weakly interacting Bose gas, also displays Bose-Einstein condensation,
though particle interactions deplete the condensate, so that at zero temperature the con-
densate fraction is smaller than unity, n0 < 1. A system is called weakly interacting if the
characteristic interaction radius rint is much shorter than the mean interparticle distance,
rint ≪ a. This inequality can be rewritten as ρr
3
int ≪ 1, because of which such a system is
termed dilute.
Superfluid liquids, such as liquid 4He, are far from being dilute. Nevertheless, one com-
monly believes that the phenomenon of superfluidity is somehow connected with BEC, al-
though an explicit relation between the superfluid and condensate fractions is not known.
Theoretical calculations and experimental observations for superfluid helium estimate the
condensate fraction at T = 0 as n0 ≈ 0.1.
A strongly correlated pair of fermions can approximately be treated as a boson. This is
why the arising superfluidity in liquid 3He can be interpreted as the condensation of coupled
fermions. Similarly, superconductivity is often compared with the condensation of the Cooper
pairs that are formed by correlated electrons or holes. However, one should understand that
superconductivity of fermions is analogous but not identical to BEC of bosons.
An ideal object for the experimental observation of BEC is a dilute atomic Bose gas
confined in a trap and cooled down to temperatures satisfying condition (2). Such experi-
ments with different atomic gases have been recently realized, BEC explicitly observed, and
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a variety of its features carefully investigated. It has been demonstrated that the system of
Bose-condensed atoms displays a high level of state coherence.
There exist different types of traps, magnetic, optical, and their combinations, which
makes it possible to confine atoms for sufficiently long times of up to 100 s. There are single-
well and double-well traps. Employing a standing wave of laser light, one forms a multi-
well periodic effective potentials called optical lattices. The use of the latter has allowed
the demonstration of a number of interesting effects, as Bloch oscillations, Landau-Zener
tunneling, Josephson current, Wannier-Stark ladders, Bragg diffraction, and so on.
An ensemble of Bose-condensed atoms, displaying a high level of state coherence, forms
a matter wave that is analogous to a coherent electromagnetic wave from a laser. Therefore
a device emitting a coherent beam of Bose atoms is named atom laser.
The realization of BEC of dilute trapped gases is of great importance because of several
reasons. First of all, this explicitly proved the actual existence of the phenomenon predicted
by Einstein many years ago. It is worth emphasizing that a direct observation of BEC in
superfluid helium, despite enormous experimental efforts, have never been achieved. This is
why such an unambiguous observation of BEC of trapped atoms is of great value. Second,
dilute atomic gases are sufficiently simple statistical systems, which can serve as a touchstone
for testing different theoretical approaches. Finally, Bose-condensed trapped gases display
such an enormous variability of their properties that they will certainly find diverse practical
applications.
See also Coherence phenomena; Critical phenomena; Lasers; Nonequilibrium statistical
mechanics; Nonlinear optics; Nonlinear Schro¨dinger equations; Order parameters; Pattern
formation; Phase transitions; Quantum nonlinearity; Quantum theory; Superconductivity;
Superfluidity
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